I. INTRODUCTION
Located in West Sumatra, Indonesia, Kelok Sembilan or ''9 curve-climbs'' is a very famous road that connects West Sumatra province to Riau province. Built by the Dutch in 1914, the road nowadays is essential for transportation, serving as the pillar of Central Sumatra's economy with more than ten thousand of vehicles passing through the road daily. To cater the high traffic demand in Kelok Sembilan road, a flyover bridge (part of 44 km from Sarilamak to Pangkalan Koto Baru) was built in 2003 at the center for Kelok Sembilan road.
Land deformation problems such as landslides and land subsidence occurring at Kelok Sembilan are frequently mainly due to its complex surface topography and geology formation. Over the past three years, 110 landslide incidents were identified, 35 in 2015, 11 in 2016, and 64 on March 3, 2017 [1] . Thus, to minimize the impact caused by land deformation, it is necessary to map and monitor the land instability in Kelok Sembilan from time to time.
Persistent Scatterer Interferometry-Synthetic Aperture Radar (PSI-SAR) is a well-known surface displacement detection technique that is frequently used to quantify the earth surface movement precisely. It is more advanced than conventional Interferometry Synthetic Aperture Radar (InSAR) technique and had overcome the limitations in temporal decorrelation, geometrical decorrelation and atmospheric disturbance [2] , [3] . The technique exploits multiple SAR scenes (slave) over the same area at different acquisition time, concerning one adequately chosen master SAR scene. The master scene is carefully selected based upon several critical criteria such as the atmospheric condition [3] , the normal baseline and the temporal baseline, and also the Doppler centroid [4] . After selecting the master scene, many pairs of interferograms were generated by performing complex multiplication of the master scene to each slave scenes. However, not all phase information in the interferograms can be used for surface displacement. In PSI-SAR, several Persistent Scatterer (PS) points are chosen, and analysis is performed only on these satisfied PS points [5] . Typically, the PS points are selected based upon the stability of its amplitude and its phase history over a long time interval for every resolution cell [2] . By doing so, proper millimeter terrain motion can be precisely quantified [6] .
Over the years, PSI-SAR technique has been widely applied in many remote sensing applications, including, but not limited to, land deformation monitoring [6] , [7] , sedimentation impact [8] , and fault [9] . Conventionally, PSI-SAR results were usually validated with in situ ground truth measurement data recorded from geodetic GPS [10] . In this research work, the validation was performed by comparing the results to not only GPS geodetic data but also to 3D orthophoto synthesized using 3D photogrammetry technique based on UAV. 3D photogrammetry is a new technique that can be implemented on validating results obtained from microwave remote sensing technique. The accuracy is comparable to GPS geodetic instruments and has the advantage of broad coverage in observation area through a single scan. Interpreting the PSI-SAR results with 3D orthophoto gives not only a 3D visualization of the study area but also verifies the position and height of the PS points. Also, it keeps an inventory of information related to properties of the study area (e.g., falls, topples, slides flow and spread). Furthermore, high-resolution 3D orthophoto can be used to identify geomorphology features related to mass movements, such as scraps and debris flows.
Thus, this research aims to map and monitor land deformation using PSI-SAR technique. Then, the results from the PSI-SAR analysis were further validated using 3D orthophoto and differential GPS geodetic data. The generated land deformation information then can be beneficial to the local authorities as part of the scientific information in drafting/amending policies to minimize the impacts caused by landslides. Moreover, the outputs of this research can be used to increase awareness to those living in the area.
II. BACKGROUND OF STUDY AREA
The area of study is in the Kelok Sembilan bridge that is located at a latitude of 0 • 4' 13.30'' S and longitude of 100 • 41' 53.56'' E, in Limapuluh Kota District, West Sumatra, Indonesia. Mountainous areas surround it with many land deformation in the area [1] . Physically, Kelok Sembilan bridge is main interconnects connecting West Sumatra province (Kelok Sembilan) and Riau Province in Indonesia. The bridge was built meandering in the middle of two hilly mountainous areas with the aim to reduce the high traffic loads of the old roads. Today, the area was resolved to a famous tourist attraction destination in West Sumatra, Indonesia.
A. TOPOGRAPHY AND GEOMORPHOLOGY
Regarding regional geomorphology, the study area is in the range of mountainous area known as the Bukit Barisan which is part of the volcanic arc arrangement of tectonics plate in Sumatra Island. It is surrounded by several inactive volcanoes such as Mount Sago Batang Sanipan is a 20 km long river that crosses the two-hilly mountainous area in Kelok Sembilan. Fig. 1 shows the topography and geomorphology structure of the study area and its contour shape. The study area is highlighted (white box) in Fig. 1 . which covers both the left side and the right side of the bridge (positive slope of terrain: blue color and the negative slope of the terrain: yellow-green color). The positive slope of terrain on the study area is foreshortening of satellite's line of sight (LOS) with the highresolution cell in the range direction. Contrary to the positive slope, the west side has good coherence but with minimum resolution. It is because the terrain of the area is in parallel to the LOS of the satellite [11] . Coherency and resolution cell of images of terrain area is profoundly affected by the topography of the area of interest.
B. GEOLOGICAL STRUCTURE
Geological structures of West Sumatra are folded (anticlinorium), and its fault structure heads from northwest to southeast, following the formation of Sumatra Island. The prominent fault of Sumatra is known as Sumatra fault (Semangko fault), along 1,900 km which is related to the subduction zone on the west coast of Sumatra island. Fig. 2 depicts the geological structure of Limapuluh Kota District, West Sumatra, Indonesia. The areas have faults in the shape of normal fault structure (fault down) and a strike-slip fault which is part of block faulting system. A normal fault located at 1.1 km North direction from the Kelok Sembilan bridge, namely Kelok Sembilan-Solok Bio-Bio Fault. This fault stretches along 20.73 km from Southwest to Northeast. Another fault close to the area is Koto Alam fault spreading out from Southeast to Northwest with approximately 12.83 km long.
Based on the geological survey, the soil in the study area is majorly composed of marlstone with andesite, and slate varied by quartz. These are metamorphic rocks and sedimentary rocks class with shared-joint structure, while in some other area, there is tension-joint structure. The porosities of two type of soil above are 7.6 percent and 3.4 percent, respectively. The complex geological environment of Kelok Sembilan is the primary cause of severe land deformation in that area. According to Indonesia National Agency for Disaster Management (BNPB), the area is categorized as the medium-high level land movement and earthquake.
C. RAINFALL AND TEMPERATURE
The raindrops fall in Kelok Sembilan region throughout the years with high fluctuation in rainfall intensity. 
III. METHODOLOGY A. PSI-SAR TECHNIQUE
In this research work, PSI-SAR technique was applied for land deformation mapping and monitoring of the study area. 13 ascending Advanced Land Observation Satellite Phased Array L-band Synthetic Aperture Radar (ALOS PALSAR) scenes acquired from March 2007 to November 2010 (observation part number of 446 and frame of 7180) were used for PSI-SAR processing. In these scenes, the satellite is operating in Fine Beam Dual (FBD) HV (horizontal transmit and vertical receive) [13] with an incident angle of 38,79 • , off-nadir angle 34.3 • and spatial resolution of 10 m. HV was chosen because our area provides strong HV backscattering due to azimuth slopes [14] . The datasets were in Single Look Complex (SLC) with product level of 1.1. Table 1 tabulates the parameters distribution of temporal baseline and perpendicular baseline of the scenes. The total acquisition time for all the scenes is 1,242 days. The perpendicular and temporal baseline values of all scenes are as listed in the Table. In selecting an appropriate master scene for PSI-SAR processing, relevant parameters for optimization images combination were employed [2] . In short, minimum normal baseline difference gives better accuracy in elevation, while shorter temporal baseline difference ensures better coherence value [11] . In PSI-SAR processing, the scene acquired on 5 October 2008 was chosen as the master scenes while the rest were assigned to the slave scenes. Furthermore, weather condition such as atmospheric disturbance was also another consideration factor in choosing the master scene. In the dataset, the master image was acquired by the sensor after rain. Thus, the distortion due to the cloud in the transmitted and received microwave signal is minimal and will result in better coherence value.
After the appropriate master scene was chosen, the remaining scenes were used as slave scenes in the PSI-SAR processing. Then, the PSI-SAR processing was carried out with the process chain as shown in Fig.5 . First, before interferograms were generated, all slave scenes must be appropriately co-registered to the geometry of the master scene. It is a fundamental step to ensures that each ground target has the same azimuth and range geometry for both master and slave images [16] . If co-registration failed, this might be due to the weather condition, the image SNR, and the range pixel of the master scenes.
After SLC data processing, reflectivity map and temporal standard deviation were generated by performing a preliminary analysis of reflectivity index and amplitude stability index. Followed by that, with an external DEM data, preliminary geocoding was applied with the purpose to correct the initial orbit offset. Then, interferograms were generated (InSAR Processing) whereby complex multiplication was performed on the master-slave pairs of the dataset. It was then followed by sparse point selection to obtain scattered point data and amplitude processing in time series analysis. Finally, multi-image InSAR processing was applied with Persistent Scatterer (PS) technique. The processing results were then geocoded and projected to 3D orthophoto map.
The components that contribute to produced interferometric phase follow the equation [3] , [17] , [18] . 
where v (T ) is average displacement at target T , ϕ atm m,s (T ) is component of atmospheric, in the small area processing the component can be neglect. The last term ϕ nois m,s (T ) is noise contribution, which is estimated from the model residuals. Then, the remaining interferometric component can be rewritten as
where λ is wavelength of radar carrier signal used by the radar system.
B. UAV-BASED 3D PHOTOGRAMMETRY TECHNIQUE
Recently, UAV 3D photogrammetry can map the area with very high accuracy. Fig. 8 shows the 3D orthophoto of the study area. The orthophoto was synthesized using Structure from Motion (SfM) technique with the 2D images captured by FC300C digital camera (focal length of 3.61mm) mounted on a UAV. The accuracy of the orthophoto was determined by the relative and absolute accuracy (projected to the ground) [19] of the captured images. Technically, the relative accuracy is the degree of how close the distance between two points on the 3D orthophoto to its actual distance on the ground is. On the other hand, the absolute accuracy is the degree to which a position on the 3D orthophoto corresponds to a fixed coordinate system on the ground survey. It is crucial to ensure the accuracy of the latitude, the longitude, and the elevation of the synthesized 3D orthophoto.
In generating 3D orthophoto, a commercial software, Agisoft Photoscan Professional, was used to process 157 aerial photos with an image resolution of 4000 × 3000 pixels. Firstly, after loading the aerial images, camera calibration was first performed so that the software can accurately estimate the intrinsic parameters of the camera such as the image resolution, the pixel size of the images and the focal length of the camera. Secondly, in the 3D orthophoto construction process, the aerial photos were aligned and projected to WGS 84/UTM zone 47S (EPSG:32747) coordinate system. Then, the software will find the matching points in the overlapping area between the images, estimate the position of the camera and create a Sparse Point Cloud Model (SPCM). Based on SPCM, dense point cloud was built to obtain a detailed image and to do further image analysis. Using the dense point cloud model, Digital Terrain Model (DTM) and 3D orthophoto were generated (texture). Finally, a tile model was created from the generated 3D orthophoto for high resolution 3D responsive visualization.
Several Ground Control Point (GCP) was used to get a better absolute accuracy during the construction of 3D orthophoto. In the synthesized 3D orthophoto, the spatial resolution is 2.99 cm/pixel measured in Ground Sampling Distance (GSD) meanwhile, the horizontal relative resolution is 5.97 cm, and vertical relative resolution is 8.95 cm. The workflow SfM technique is shown in Fig. 7 .
C. DIFFERENTIAL GLOBAL POSITIONING SYSTEM (DGPS) TECHNIQUE
In the research, Differential Global Positioning System (DGPS) technique was adopted to enhance the accuracy VOLUME 6, 2018 (up to sub-centimeter) of the position measurement [20] . During the acquisition of the GPS geodetic data, a base-rover network configuration as shown in Fig. 9 was proposed. In the setup, several GPS receivers (Leica 1200+) were installed in the study area, whereby, one of the receivers (yellow point) is assigned as the base station / GCP while the others (P1, P2, P3, P4, and P5) as the rover (moving). The configuration was chosen to maintain the network stability and to improve the accuracy and quality of the acquired data. To record the position information, the GPS receiver must receive the signal (locked) from at least four [21] out of the 29 operating GPS satellites [22] . For sub-centimeter resolution position measurement, the GPS receivers were locked to 12-16 of GPS satellites. 
IV. RESULTS AND DISCUSSION
Based on PSI-SAR processing on the study area, 12 interferograms were generated from the 12 master-slave pairs of ALOS PALSAR SLC images acquired either between July 2007 and November 2010. Fig. 10 shows the generated interferograms.
The normal baseline maximum of master-slave pairs is 758 m with total time interval 1,242 days. Short normal baseline and temporal baseline can guarantee the quality of interferogram. To minimize phase noise related to vegetated and high mountainous areas, Goldstein modification filtering and the multi-look operation applied. FIGURE 11. Geocoded PS points on the 3D orthophoto land mapping in the WGS84 coordinate system. The black line is a road on Kelok Sembilan. The blue line is a Sanipan river in a valley, crosses the research area. A yellow circles mark area of research concern. Inset picture above is a position (latitude, longitude, and height) of PS point selected for PSI technique validation. Inset picture below-right is cumulative displacement for each PS.
As mentioned in the earlier section, only the coherence information of PS points can be used for land deformation analysis. In PSI-SAR, PS points were selected according to the amplitude of its stability index [2] , [4] . In the 1,450 × 1, 550 km2 study area (most are covered by vegetation), 5,787 PS points were detected with coherence value is in the range of 0.5-0.91. 15.3% of the PS points has the coherence value higher than 0.7 while the rest, 84.6 % were within 0.5-0.69. The number of PS decreases with the increases in the threshold value. Fig. 11 shows the PS distribution of the study area. The PS point only covers the area within 150 m on the left-side of the bridge to 150 m on the right-side of the bridge. The result of PSI processing was then geocoded and overlaid with the 3D orthophoto land mapping for validation and ground visualization. In the figure, the land movement of the PS points is represented by RGB color scale while red indicates high land movement. The result shows that 39.6% PS points have cumulative movement of greater than 200 mm in four years, with a movement velocity up to -100 mm/year in the point of view of the satellite. With the interferograms, some smaller areas with critical land deformation issues are then further analyzed. The analysis was carried out by small area land deformation processing. As indicated in Fig. 11 , the areas (Area 1 and Area 2) are located on the positive slope, the southern part of Kelok Sembilan Bridge. In the past, some landslide incidents are occurring in Area 1 and Area 2. The remaining areas were not included in this analysis as ground truth data were not available due to the dangerous geography condition in the area. From PSI-SAR processing, the coherence values of the PS points in these areas are in the range of 0.6-0.65. It is because the regions are foreshortening with a slope range of 32 • -48 • . Moreover, the vegetation covers decrease the coherence value.
Measuring the position and height of selecting points that are used as validation data was carried out by using markers VOLUME 6, 2018 FIGURE 13. Land deformation map and contour shape of the study area in the WGS84 coordinate system. The red circle indicates deformation area, proved by ground survey photo which presented on left and right side. Inset picture below is deformation displacement in millimeter unit. Left-middle arrow line is the line of sight (range) satellite direction and the satellite movement (azimuth) direction.
in 3D orthophoto land map. The marked location has displayed the position (longitude and latitude), and height of the area in ellipsoid coordinate. During the time, the rainfall intensity in Area 1 and Area 2 was high, 251 mm/month and 215 mm/month, respectively [23] . Fig. 13 . shows the land deformation map and contour shape of Kelok Sembilan areas produced by PSI processing and geographic information system (GIS). In this case, the PS point converted to raster using Inverse Distance Weighted (IDW) interpolation technique. The cumulative land movement in Area 1 and Area 2 is −318.6 mm and −329 mm, respectively. The red circle represents landslide areas with a cumulative displacement of greater than 300 mm. Average land movement velocity of the regions is −100mm/year from the LOS of the satellite. Different color of the image corresponds to a different displacement value of PS. A ground survey confirms these results. Deformation areas around Kelok Sembilan bridge depicted on left-side and right-side of Fig. 13 . Consequently, preventing or minimizing land deformation impact in Kelok Sembilan region is a necessity.
An in-situ ground truth measurement campaign to validate the results obtained from PSI-SAR processing was arranged in that time. During the measurement campaign, ground truth data were collected using both GPS geodetic instrument Leica GPS 1200 plus and UAV Phantom 3 professional for some selected high coherence level PS points. The recorded results are tabulated in Table 2 which compare the latitude (LAT), longitude (LON), and the elevation level extracted from PSI-SAR analysis and the instruments. It shows that the elevation level difference between the techniques is less than 0.3%, with its RMSE of PSI-GPS and PSI-UAV are 0.97 m and 1.5 m, respectively. In 3D visualization, the result of measurement is shown in Fig.14. 
V. CONCLUSION
In this study, the authors have mapped and monitored past land deformation condition in Kelok Sembilan area using PSI-SAR technique. Thirteen ascending scenes acquired by the ALOS PALSAR sensor over four years were used for the analysis. From the PSI-SAR processing, temporal land deformation information such as velocity and displacement were obtained. From the analysis, several landslide areas were successfully identified. For better result in map visualization, the geocoded land deformation contour map was overlaid by the 3D photogrammetry of the study area.
Other than that, the results from PSI-SAR analysis were validated using the data collected from in situ ground truth measurement from both Geodetic GPS instrument and 3D photogrammetry technique. Thus, it can be concluded that 1) PSI-SAR technique can be used to map and monitor land deformation, 2) UAV-based 3D photogrammetry can be used as an alternative validation tool for the precision of ground survey.
